Since the beginning of this century, microRNAs (miRNAs), which are tiny RNA molecules, have become one of the major research topics on gene expression regulation in both animals and plants. The major task of miRNA study is to elucidate how the miRNAs are expressed in vivo, how they exert regulatory effects on their targets, and how they can be qualitatively or quantitatively cloned. For these purposes, the methodology of miRNA study has been developed and significantly improved in recent years. The focus here is on a number of powerful methods for plant miRNA research including bioinformatics tools and experimental approaches being used for upstream or downstream analysis of miRNAs or miRNA cloning. Some discrepancies exist in the miRNA research methodology between plants and animals, for example, 5# modified RACE (Rapid Amplification of cDNA Ends) can be used for cleavage target validation only in plants. However, numerous common methods are shared by these two miRNA research areas. Thus, this review will enhance our understanding of miRNA research methodology in organisms.
Introduction
MicroRNAs, one kind of small RNAs (sRNAs), are ;21-nucleotide (nt) non-coding RNA molecules identified in a broad range of eukaryotic species (Carthew and Sontheimer, 2009; Voinnet, 2009) . Based on bioinformatics prediction and experimental validation, more and more miRNAs, either highly conserved or species-specific ones, have been or are being cloned, which can be reflected by the frequent update of miRBase (Griffiths-Jones et al., 2006) . Several plant sRNA projects utilizing next-generation sequencing (NGS) technology have been established for novel sRNA cloning and sRNA expression pattern profiling Johnson et al., 2007; Nakano et al., 2006) .
In plants, miRNAs exert their regulatory effects on specific downstream targets generally through cleavage, and many targets have been validated by 5# modified RACE (Jones-Rhoades et al., 2006) . Recently, high-throughput methods such as PARE (Parallel Analysis of RNA Ends) (German et al., 2008; Nakano et al., 2006) are also used for miRNA-directed cleavage product screening and target site mapping, which makes target identification more efficient. Numerous additional tools are also used for miRNA downstream analysis. For experimental researches, several transgenic strategies have been developed to modulate the miRNA activity directly or indirectly in vivo. Both fine-scale and large-scale methods have been adopted to investigate miRNA expression patterns in vivo or in vitro. Bioinformatics tools are also used for target prediction and functional analysis, secondary structure prediction of premiRNAs, and so on.
Compared with the downstream analysis, the studies on upstream regulation of plant miRNAs are more challenging. So far, several studies on miRNA transcriptional regulation have been reported. Among these cases, a few intriguing feedback circuits between miRNAs and their upstream transcription factors (TFs) have been uncovered. For example, the transcription of miR167 and miR160 is regulated by certain ARF (Auxin Response Factor) genes, i.e. ARF6, ARF8, and ARF17 (Gutierrez et al., 2009) , which were also reported to be targeted by miR167 and miR160 in Arabidopsis thaliana (Arabidopsis) (Mallory et al., 2005; Wang et al., 2005; Wu et al., 2006) . To understand the mechanisms of miRNA transcription better, several powerful methods such as transgenic analysis, EMSA (Electrophoresis Mobility Shift Assay), Y1H (Yeast one-Hybrid), and ChIP (Chromatin ImmunoPrecipitation) are widely used. The bioinformatics tools for miRNA promoter analysis are also used for cis-element discovery. The chromatin modifications, mainly including DNA methylation and histone modifications, have been taken into account considering the epigenetic control of miRNA expression. Moreover, several key factors implicated in miRNA biogenesis, such as DCL1 (DiCer-Like 1), CBC (Cap-Binding Complex), DDL (DawDLe), SE (SERRATE), HYL1 (HYponastic Leaves1), HEN1 (Hua ENhancer1), and HASTY, have been identified in various experimental ways (Jones-Rhoades et al., 2006; Voinnet, 2009) .
The experimental methods and bioinformatics tools useful for plant miRNA studies ranging from upstream and downstream analyses to miRNA cloning and profiling are summarized here. This review will reinforce our current understanding of the analytical framework of miRNA function characterization and may inspire related methodological innovations in the research area of miRNA.
Analytical methods used for downstream analysis

Experimental approaches
Target validation: Most miRNAs exert their biochemical or biophysical effects through downstream targets in organisms. In plants, a dominant portion of target transcripts share short highly complementary regions called target sites with their regulatory miRNAs, through which the targets are sliced (Voinnet, 2009) . This feature enables us to identify the cleavage sites by using appropriate methods. One method designated as 5# modified RACE, which was developed from 5# RACE (Llave et al., 2002) , had become a powerful tool for cleavage site mapping Peragine et al., 2004) (Fig. 1B) . The product of miRNA-directed cleavage leaves a ligation-competent end with a 5'-phosphate group, whereas most mRNAs are ligation-incompetent owing to the 5 1 caps or the lack of 5#-phosphate group (Llave et al., 2002) . However, it will be tedious when a mass of target validation works should be carried out. Fortunately, the recently developed strategy called PARE is competent for large-scale cleavage site mapping (Addo-Quaye et al., 2008; German et al., 2008) . This method combines the 5# modified RACE, also called 5# RLM (RNA Ligase-Mediated)-RACE, with the highthroughput sequencing technology to create libraries containing 3# cleaved mRNA products. Thus, these PARE libraries will greatly accelerate our target site screening work. Besides, Franco-Zorrilla et al. (2009) combined the 5# RLM-RACE with hybridization-based microarray technology in order to identify target mRNAs at a genomic scale. On the other hand, elaborate bioinformatics tools will be required for the analysis of these large datasets. Moreover, a portion of sequences enriched by 5# RLM-RACE have been recognized as the products of mRNA decay, so much caution should be taken when conclusion is made solely based on these high-throughput data.
MicroRNA activity modulation: For miRNA expression control, a sequence containing pre-miRNA can either be driven by the 35S promoter resulting in miRNA overexpression or be driven by a specific promoter of another gene resulting in a designated gene-specific expression pattern (Fig. 1B) . On the other hand, the miRNA activity can be directly or indirectly inhibited by novel methods. Two elegant tools, miRNA-resistant target construction and target mimicry, have been widely used (Palatnik et al., 2003; Mallory et al., 2004; Wang et al., 2005; FrancoZorrilla et al., 2007) (Fig. 1B) . As previously mentioned, miRNA exerts a cleavage effect on its target(s) based on the highly complementary target site(s). Thus, silencing mutations (the protein sequence is not changed) introduced by PCR (Polymerase Chain Reaction) in the target site will disrupt the specific miRNA-target recognition. Then, the resultant phenotypic changes of expression of the miRNAresistant target can be surveyed by transgenic procedure (Palatnik et al., 2003; Mallory et al., 2004; Wang et al., 2005) . Another amazing tool, target mimicry, can repress the activity of a specific miRNA or even a miRNA family directly. Based on the regulatory mechanism of IPS1 (Induced by Phosphate Starvation 1)-miR399 in Arabidopsis, Franco-Zorrilla et al. (2007) designed a way to repress mature miRNAs (Franco-Zorrilla et al., 2007) . The middle region of the target site, normally 10-11 nt from the 5# end of the miRNA, is demonstrated to be critical for miRNAguided AGO1 (ArGOnaute 1) cleavage (Jones-Rhoades et al., 2006; Llave et al., 2002) . Thus, a manually designed target possessing a perfectly complementary target site except for the mismatched middle region can be recognized by a specific miRNA, whereas the cleavage is avoided. Finally, the miRNA or even its homologues will be sequestered by the pseudo target. However, the degree of miRNA repression relies on several factors such as the sequence feature of the pseudo target and the in vivo level of the target transcripts.
MicroRNA expression pattern analysis: So far, numerous competent methods have been used for miRNA expression pattern analysis, either for high-throughput profiling or for fine-scale investigation. For the high-throughput purpose, miRNA microarray (Yin et al., 2008) and the NGS (Simon et al., 2009) are the two most widely used strategies.
Because of the fixed probe number on one microarray chip, only a limited number of miRNAs or other sRNAs can be profiled. Moreover, cross-hybridization and background noise will undoubtedly disturb our subsequent analysis. To solve these problems, a more effective sequencing-based method with lower cost, NGS, has become a substitute of hybridization-based approaches (Simon et al., 2009) . In principle, nearly all the sRNAs, including miRNAs, can be quantitatively cloned by NGS considering its in-depth feature. In addition, no sequence information is required before sequencing. Hence, novel miRNA families can be identified by this strategy especially for non-speciesconserved ones. However, the huge sRNA sequencing datasets are particularly challenging to handle by researchers, although a few analytical frameworks have been proposed (Fahlgren et al., 2009) . In this regard, highly efficient bioinformatics tools are urgently needed. For finescale purposes, Northern blot Allen et al., 2004; Valoczi et al., 2004) , qRT-PCR (quantitative Reverse Transcription-PCR) Schmittgen et al., 2008) , in situ hybridization (Chen, 2004; Juarez et al., 2004; Kidner and Martienssen, 2004; Valoczi et al., 2006; Sieber et al., 2007) , RT in situ PCR (Johansen, 1997; Nuovo et al., 2009) , and GUS (b-glucuronidase) or the GFP (Green Fluorescent Protein) reporter gene driven by a specific miRNA promoter (Grebenok et al., 1997; Kawashima et al., 2009; Wang et al., 2005) are in common use for expression pattern detection of a certain miRNA. Although each method, either the large-scale or the fine-scale one, has its advantages and disadvantages, multiple strategies are frequently used for one research project (Montgomery et al., 2008) .
Bioinformatics tools
Since many miRNA, target pairs with highly complementary target sites, have been validated in plants, several bioinformatics tools for miRNA target prediction have been developed based on the empirical rules summarized from these experimental case studies (Table 1) . miRU (Zhang, 2005) and its updated version psRNATarget (Dai and Zhao, unpublished data; http://bioinfo3.noble.org/ psRNATarget/) are the two most widely used online algorithms for plant miRNA target prediction. Several parameters can be customized, and a certain plant genomic dataset can be selected for target candidate search. Another online tool provided by CSRDB (Cereal Small RNAs DataBase) can be used for target prediction in rice (Oryza sativa) or maize (Zea mays) and no customized parameter is required (Johnson et al., 2007) . In addition, Target Finder, another target prediction program provided by Carrington's laboratory, can be downloaded (http://jcclab .science.oregonstate.edu/node/view/56334) and installed in a local server Fahlgren et al., 2007) . Importantly, all the target prediction tools previously mentioned can also be used for other types of sRNAs. To investigate or predict the biological functions of a specific miRNA or even a certain miRNA population, the functional annotations, such as GO (Gene Ontology) annotations of the downstream targets, provide us with a lot of valuable information. However, it will be difficult to handle the annotations when a huge amount of targets need to be analysed. GO::TermFinder (Boyle et al., 2004) is a powerful tool to perform GO term enrichment analysis of miRNA targets; the result of which will provide some hints about the biochemical or the biophysical pathways these miRNAs are involved in.
Analytical methods used for upstream analysis
Experimental approaches
Epigenetic control: Epigenetics, one strategy widely adopted by both plants and animals for gene activity regulation, is defined as heritable states not encoded in the DNA sequences. It involves DNA methylation, post-translational modifications of histone proteins, the presence of histone variants, and chromatin compaction (Bender, 2004; Vaillant and Paszkowski, 2007) . In general, two major epigenetic controls, that is, DNA methylation and histone modifications, exert their regulatory effects on gene expression at the DNA and protein levels, respectively. Here, we mainly focused on the experimental methods for DNA methylation analysis (Fig. 2) . Three strategies are widely adopted for DNA methylation profiling: bisulphite conversion-based, restriction enzyme-based, and methylated DNA fragment capture-based methods (Brinkman and Stunnenberg, 2009) . The bisulphite conversion-based ones include bisulphite sequencing (Frommer et al., 1992) , bisulphite pyrosequencing (Colella et al., 2003) , MSP (Methylation-Specific PCR) (Herman et al., 1996) , COBRA (COmbined Bisulphite Restriction Analysis) (Xiong and Laird, 1997) , MethyLight (Eads et al., 2000) , and GoldenGate assay combining with BeadArray technology (Illumina Application Note, www .illumina.com). The restriction enzyme-based ones include DMH (Differential Methylation Hybridization) (Huang et al., 1999) and HELP (HpaII tiny fragment Enrichment by Ligation-mediated PCR) (Khulan et al., 2006) . To capture the methylated DNA fragments, several elaborate methods have been designed, such as MIRA (MethylatedCpG Island Recovery Assay) (Rauch and Pfeifer, 2005; Rauch et al., 2006) , MeDIP (Methylated DNA ImmunoPrecipitation) (Weber et al., 2005 (Weber et al., , 2007 Zhang et al., 2006; Zilberman et al., 2007) . For whole-genome profiling purposes, methods amended for large-scale analysis have been combined with microarray or NGS technology, generating several high-throughput tools such as MeDIP-on-chip and MeDIP-seq (Brinkman and Stunnenberg, 2009) . On the other hand, many specific methods, such as ChIP (Solomon et al., 1988) and the high-throughput ones ChIP-on-Chip (Lee et al., 2006; Brinkman and Stunnenberg, 2009) and ChIP-seq (Barski et al., 2007; Mikkelsen et al., 2007) , have been developed for epigenetic studies at the protein level especially for histone modifications.
RNA level: Transcriptional or post-transcriptional level: previous reports suggest that miRNA genes are transcribed by RNA Pol (polymerase) II (Lee et al., 2004; Meng et al., 2009) . From this point of view, the promoters of miRNA genes must share some common characteristics with those of protein-coding genes that are largely Pol II-dependent. Thus, the research strategies for protein-coding genes can also be used for studies on miRNA promoters and transcriptional mechanisms. TFs modulate the transcriptional levels of downstream targets including miRNA genes by binding to specific cis-elements located in the target promoters. Hence, two aspects of miRNA transcription studies should be taken into account: TF and cis-element identification. To probe the possibility that the miRNA promoter is specifically bound by a certain TF, both in vitro and in vivo methods are available (Fig. 2) . For in vitro study, EMSA is one of the most widely used tools (Lahiri and Ge, 2000) . One designated DNA fragment can be shown to be recognized and bound by one protein in vitro based on the EMSA result. For in vivo analysis, Y1H (Li and Herskowitz, 1993; Wang and Reed, 1993; Deplancke et al., 2004) , ChIP (Kuo and Allis, 1999) , and transient expression (Chen et al., 2006) can be used for this purpose, whereas the Y1H can only be carried out in yeast cells, and the latter two can reflect the scene of TF-promoter interaction in planta. A sizeable portion of TFs exert their regulatory functions through heterodimer or homodimer formation, or their activity can be regulated by other factors through protein interaction such as the regulatory relationship between ARFs and Aux/IAAs (Liscum and Reed, 2002) . In this regard, experimental methods for proteinprotein interactions are quite useful for studies on the mechanisms of miRNA transcription. Among numerous available tools (Miernyk and Thelen, 2008) , Y2H (Yeast two-Hybrid) (Moon et al., 1999; Walhout and Vidal, 2001) , BiFC (Bimolecular Fluorescence Complementation) (Walter et al., 2004; Kerppola, 2008; Waadt et al., 2008) , and co-IP (co-ImmunoPrecipitation) (Zhang and Guy, 2005; Lee et al., 2008) are used most frequently, and the latter two can be utilized to investigate the binding potential between two specific proteins in planta. Many strategies, such as bioinformatics tools (see below), mutant screening, and transgenic methods, are available, and much more novel and elaborate methods are required for miRNA transcription studies, such as cis-element discovery, TF activity modulation, and identifying the upstream regulator(s) of a specific TF. In addition to the transcriptional level, the accumulation, activity, or even the basic sequence feature of mature miRNAs can be regulated post-transcriptionally. RNA editing, one RNA-based layer of gene function regulation, has been demonstrated to be widespread in both animals and plant organelles (Cattaneo, 1991; Gott and Emeson, 2000; Shikanai, 2006) . Recent research utilizing NGS datasets also indicates that RNA editing may extend to sRNA in plants (Ebhardt et al., 2009) . Thus, high-throughput methods such as NGS could provide us with a global vision of miRNA editing before fine-scale validation of each specific case. Biogenesis: Another RNA-based level of miRNA accumulation regulation is the biogenesis process. Several key factors have been demonstrated to be indispensable for miRNA generation or stabilization, such as DCL1, CBC, DDL, SE, HYL1, HEN1, and HASTY (Voinnet, 2009) (Fig. 2) . The interactions among the identified factors can be further depicted by BiFC, Y2H, and co-IP as mentioned above. However, more novel components implicated in the related pathways need to be unveiled by mutant screening, gene knock-out, RNA interfering, and so on, in order to understand the regulatory mechanisms of miRNA biogenesis better since there must be some unidentified factors involved in miRNA maturation. On the other hand, the in vivo ratio between a certain mature miRNA and its primiRNA or pre-miRNA can be assessed by quantitative methods such as qRT-PCR. These methods can provide us with valuable insights into the multi-step maturation process of the miRNA.
Bioinformatics tools
MicroRNA promoter analysis, one major area of upstream study, requires a bioinformatics assistant. To fulfil this need, several tools, such as TSSP (Shahmuradov et al., 2003) , WebLogo (Crooks et al., 2004) , PLACE (Higo et al., 1998 (Higo et al., , 1999 , and PlantCARE (Lescot et al., 2002) , have The expression of miRNAs could be modulated at either the chromatin or the RNA level. Epigenetic control on miRNA expression could be dissected into two layers: DNA methylation and protein modification, and some of the available methods for epigenetic study are listed. For the RNA-based layer of miRNA expression regulation, the biogenesis pathway and transcriptional mechanisms are the two major research focuses. In addition, RNA editing seems to be an emerging post-transcriptional regulation of miRNA generation.
been developed to search for TSS (Transcription Start Site), TATA-box, CAAT-box, cis-elements for TF binding or other novel elements (Table 1) . Although most tools were initially intended for the promoter analysis of Pol II-dependent protein-coding genes, it has been proved to be applicable for miRNA study based on the similar promoter characteristics shared by miRNA genes and protein-coding ones (Lee et al., 2004; Meng et al., 2009) . Moreover, several public databases, such as PlantProm (Shahmuradov et al., 2003) , PlnTFDB (Riano-Pachon et al., 2007) , and PlantTFDB (Guo et al., 2008) , provide a number of informative datasets of plant promoters and TFs.
MicroRNA cloning
The classical miRNA cloning strategy includes bioinformatics prediction based on the criteria for plant miRNA definition (Meyers et al., 2008) and subsequent experimental validation (Fig. 1A) . RNAfold, widely used for RNA secondary structure prediction, is adopted for pre-miRNA prediction (Hofacker, 2003) (Table 1) . Because the sequence encompassing the mature miRNA can form a stem-loop structure (Voinnet, 2009) , it can be inferred whether the sRNA being predicted or cloned is a miRNA candidate from the result produced by RNAfold.
In addition to mutant screening and genetic cloning of miRNAs, both sequencing-based approaches such as highthroughput sequencing and hybridization-based ones such as miRNA microarrays have been widely adopted for miRNA cloning . However, miRNAs are not the only DCL-derived sRNAs in plants. A substantial amount of total sRNAs are contributed by endogenous 21-to 24-nt short interfering RNAs (siRNAs) (Meyers et al., 2008) , which will greatly hamper the miRNA cloning. Thus, certain valuable genetic mutants, such as dcl3 and rdr2 (RNA-dependent RNA polymerase2), with severe defects of siRNA biogenesis were used for miRNA enrichment during sRNA sample preparation (Xie et al., 2005) . Viral protein-mediated siRNA suppression in planta seems to be another potential way to enrich for miRNAs .
Although the criteria for plant miRNA annotation are being renewed as our understanding evolves, several major points should be followed for miRNA validation. The expression of a certain miRNA should be detected by Northern hybridization or qRT-PCR. The miRNA precursor could be predicted to fold into a characteristic hairpin (also called a stem-loop) structure. Increased accumulation of the miRNA precursor should be observed when the activity of DCL1 is repressed. Moreover, phylogenetic conservation of the miRNA sequence could also be taken into account (Meyers et al., , 2008 . The finescale experimental verification for individual miRNAs is a speed-limiting step owing to the low-throughput approaches that predominantly rely on Northern blot analysis. Northern hybridization is a simple and reliable method, providing the length information of the undefined sRNA, which is critical for its classification. However, some miRNAs with very low expression levels are difficult to validate by Northern . Thus, other methods, such as RNase protection assay, quantitative real-time PCR, and primer extension, have been used to compensate for this limitation. Nevertheless, these complementary methods cannot determine the sRNA size .
Conclusions and perspectives
A current methodological framework for miRNA functional characterization and cloning in plants is summarized here (Figs 1, 2; Table 1 ), which can reinforce our understanding of useful tools in the miRNA research area. However, there must be many intriguing aspects not mentioned here. Many more novel and elaborate tools or technologies will be available and widely used in the near future such as the newly emerged next-next-generation sequencing (Eid et al., 2009) . Imaginably, huge datasets will be produced, and more efficient bioinformatics tools will be required. Considering a number of similarities shared by plant miRNAs and their animal counterparts (Carthew and Sontheimer, 2009; Voinnet, 2009) , many experimental methods and bioinformatics tools mentioned in this review are also applicable for miRNA study in animals and human beings.
